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FOREWORD

This interim report provides descriptive and statistical analyses of the data
collected over a l-year period on bird ingestion experiences for the R737
aircraft. The data described in this report were collected .under a separate
contract by the engine manufacturers.

The report was prepared by the University of Dayton under Department of
Transportation, Federal Aviation Administration Contract DTFA03-88-C-00024. The
technical project monitors for the FAA during the preparation of the report were
Dr. Howard Banilower and Mr. Joseph Wilson. The principal investigator at the

University of Dayton was Dr. Peter W. Hovey, and computer support was provided by
Mr. Donald A. Skinmn.
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EXECUTIVE SUMMARY

An investigation was initiated by the Federal Aviation Administration Technical
Center in September 1986 to determine the numbers, weight, and species of birds
which are ingested into medium and large inlet area turbofan engines during
worldwide service operation and to determine what damage, if any, results. This
interim report summarizes the first of 3 years of Boeing~737 data being collected
to support this effort.

A total of 2.75 million aircraft operations were flown by Boeing-737 commercial
aircraft during the first year of this investigation which extended from October
1986 through September 1987. Boeing~737 aircraft equipped with Pratt and Whitney
JT8D medium inlet area turbine engines accounted for 80.8 percent of these
flights. The remaining 19.2 percent of the flights were made by aircraft having
CFM International CFM56 large inlet area turbofan engines.

A total of 314 engine ingestion events were reported during the first year of
data collection. There were 5.49 million engine operations during this same
period which yield a probability of engine ingestion of 5.72 x 10-53, A
conclusion of these data is that bird ingestion events are rare, but probable,
events.

When the species of the ingested bird was reliably identified, gulls were
determined to be the most commonly ingested birds. The majority of ingested
birds (30 of 37) weighed less than 40 ounces. The bird weight distribution of
ingested birds in the United States was different from the distribution in
foreign countries. The mean, median, and mode weights of ingested birds were
larger in the United States than abroad. The bird ingestion rate within the
United States was significantly lower than the foreign bird ingestion rate.

The majority (123 of 144) of aircraft ingestion events, for which the phase of
flight was known, occurred within the airport environment during takeoff and
landing. There were 39 engine ingestions which resulted in engine damage
clagsified as moderately severe or worse. The majority of bird ingestions
resulted in little or no engine damage. The majority of aircraft ingestion
events (273 of 302) involved a single bird and a single engine on the aircraft.
The remaining 29 aircraft ingestion events involved multiple birds and/or
multiple engines.

The following is a summary of the most pertinent statistics extracted from the
first year of data for the Boeing-737 aircraft:

Total Engine Ingestion Events 314
Total Aircraft Ingestion Events 302
Average Bird Weight (oz)

United States 20.7

Foreign 11,1
Median Bird Weight (oz)

United States 14
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Foreign
Probability of Ingestion Per Aircraft Operation
Worldwide
United States
Foreign
Most Commonly Ingested Bird
United States
Foreign
Engines Experiencing Moderate/Severe Damage
Multiple Bird Ingestion Events
Multiple Engine Ingestion Events
Aircraft Ingestion Events By Phase-of-Flight
Takeoff and Climb Phase-of-Flight
Approach and Landing
Airports Reporting Bird Ingestions
Ratio of Reported Events to Aircraft Operations
United States
Foreign

1.10 x 10~4
0.53 x 10~4
1.79 x 10-4

Dove/Gull
Gull/Lapwing
39

20

12
56.9%
30.67
137

0.53 x 10~%
1.79 x 10-4
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SECTION 1
INTRODUCTION

1.1 BACKGROUND.

Contention for airspace between birds and airplanes has created a serious
bird/aircraft strike hazard. A past study [1] has indicated that birdstrikes to
engines are statistically rare events. The probability of a birdstrike during
any given flight is extremely low; however, when the number of flights is
considered, the number of birdstrikes becomes significant.

The windshield and the -engines are particularly vulnerable to the birdstrike
threat. Although penetration of the windshield by a bird is primarily a concern
for military airplanes operating at high speeds in a low-altitude enviromment,
such a penetration has occurred on a civilian airplane resulting in the death of
the co-pilot. Ingestion of birds into airplane engines is a problem for
commercial as well as military jet airplanes for it can cause significant damage
to the engine resulting in degraded engine performance and possible failure.

In his study of bird ingestions on commercial flights, Frings [l] {ndicated that
nearly all bird ingestion events have occurred in the vicinity of airports
during the non-cruise phases of flight. This is understandable because these
phases of flight naturally occur closer to the ground where bird concentrations
are higher, resulting in a higher probability of birdstrike.

The solutions to the problem of engirie damage resulting from bird ingestion are
similar to those for windshield birdstrike, e.g., structural design

consideration to withstand impact or bird avoidance. Bird avoidance can be
facilitated by either of two approaches: (1) keeping airplanes out of airspaces
with large bird concentrations, or (2) removing birds from these regions of
airspace. Neither bird avoidance approach is well-suited to commercial air
fleets because flight schedules place airplanes in specific areas at specific
times and the effectiveneas of airport bird control programs (if any) varies from
airport to airport and country to country.

Structural design of engines to withstand bird ingestions can be accomplisghed
provided that requirements with respect to bird sizes and numbers can be
identified. Bird ingestion data for medium/large inlet area turbofan engines and
small inlet area turbine engines are currently being collected by several engine
manufacturers. Statistical evaluation of bird ingestion data from these data
collection efforts and previous bird ingestion studies will be useful in re-
evaluating certification test criteria specified in FAA regulation 14 CFR 33,77,
As a result, future jet engines can be designed to withstand more realistic bird
threats.

1.2 OBJECTIVES.

The objective of this interim report is to determine the relationship of bird
weight, geographic location, season, time of day, phase of flight, and engine
type to the frequency of bird ingestion events and the extent of engine damage,
1f any, resulting from the ingested birds. The statistical snalysis of
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reported bird ingestions experienced by commercial Boeing-737 (B737) airplanes
worldwide over l-year reporting period (October 1986 through September 1987) is
used to summarize the service threat and level of engine damage experienced by
these airplanes. The findings of the analysis will be helpful in defining
minimum engine design requirements for resistance to damage as a result of bird
ingestions. Moreover, this study will provide a comparison between the
experiences of a contemporary high-bypass ratio turbofan engine (CPM56) and an
older low-bypass ratio turbofan engine with a smaller inlet (JT8D) exposed to
similar aircraft-bird ingestion enviromnments.

1.3 ORGANIZATION OF REPORT.

Section 2 defines, discusses, and differentiates airport operations and
aircraft operatione. Section 3 identifies the characteristics and behavior of
bird species that have been ingested and reliably identified. Section 4
describes bird ingestion rates by location, engine type, and phase of flight.
Section 5 provides a geographic placement of bird ingestion events throughout the
world. Section 6 summarizes engine damage resulting from bird ingestioms.
Section 7 examines the probabilities of various bird ingestion events. Section 8
provides a summary of the results obtained during this phase of data analysis,
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SECTION 2
AIRCRAFT OPERATIONS AND AIRPORT OPERATIONS

Aircraft and airport operations data are used to determine bird ingestion rates.
Operations data (and their sources) used to generate bird ingestion rates are
discussed in this section. A Glossary is provided to aid in understanding these
data.

An aircraft operation as defined in the glossary is a nomstop f£light from one
airport (departure airport) to another airport (arrival airport) and consists of
8 phases of flight which include (1) taxi-out, (2) takeoff, (3) climb, (4)
cruise, (5) descent, (6) approach, (7) landing, and (8) taxi-in. An airport
operation 1s considered either a departure from or an arrival at an airport.
When all scheduled flights are considered, the number of airport operations is
twice the number of aircraft operatioms.

The Official Airline Guide (0AG) is the data source for scheduled airport
operations. Counts of airport operations involving B737 airplanes were extracted
from OAG magnetic tapes and maintained by airport code. The counts were further
categorized by month of year and hour of day so that seasonal and time-of-day
analyses could be performed.

Table 2.1 presents the OAG airport operations counts by seasonal months. The
counts are also broken down by several geographic regions. Table 2.2 presents
the same airport operations counts as table 2.1; however, an adjustment for
hemisphere has been made. It should be noted that the number of aircraft
operations for each of these categories is one~half the number of airport
operations.

Table 2.3 cross tabulates airport operations for each month of the reporting
period by OAG destination-arrival code in two ways. The first tabulation
includes all airports at which one or more B737 operations were scheduled during
the reporting period. The second tabulation is a subset of the first and

includes only those airports at which a bird ingestion event was reported during

the period. The destination-arrival code is taken directly from the OAG tapes,
and its values are presented as a footnote in table 2.3.

A breakdown of aircraft operations by engine type and geographic region is
required to obtain bird ingestion rates for these parameters. Table 2.4

presents a breakdown of B737 aircraft operations by engine type and geographic
region for the reporting period. The OAG operations data identify implicitly the
geographic region through the airport code and also identify explicitly whether
the airplane is a B737; however, the engine type of the airplane is not reliably
identified in the OAG data. The aircraft operations presented in the ALL ENGINES
column of table 2.4 are derived by dividing the airport operations in the TOTAL
column of table 2.1 by 2. The sircraft operations for the CFM56 engine were
provided by the engine manufacturer as actual flights flown during the reporting
period and are considered reliable. Similar data were not available for the JT8D
engine. The JT8D aircraft operations were therefore derived by subtracting the
CPM56 aircraft operations from the total aircraft operation for both engines.

I
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OCT’ 86
NOV'‘ 86
DEC’ 86
JAN' 87
FEB'87
MAR' 87
APR’ 87
MAY' 87
JUN'87
JuL’ 87
AUG' 87
SEP'87

OCT’ 86
NOv’ 86
DEC' 86
JAN'87
FEB’87
MAR' 87
APR'87
MAY'87
JUN'87
JUL' 87
AUG' 87
SEP’87

---------

=0

%

TABLE 2.3 OAG AIRPORT OPERATIONS BY MONTH

ALL AIRPORTS WITH SCHEDULED B737 OPERATIONS

2
OAG DESTINATION-ARRIVAL CODES

e S ———— N 2

---------------------------------------------------------------

........

193,968
189,972
200,544
201,148
180,814
202,102
200,608
207,444
205,696
215,568
215,770
212,012

2,425,646

(L) (2) (3) (4)
231,432 2,880 0 3,074
227,934 2,498 0 2,974
242,892 2,916 42 3,614
245,030 2,856 102 3,514
225,126 2,620 96 2,826
253,710 3,092 88 2,758
249,398 3,172 120 2,730
258,486 3,718 158 3,072
256,952 3,854 68 3,144
269,914 3,680 174 3,412
269,582 3,686 196 3,436
257,798 3,544 162 2,996

2,988,254 38,516 1,206 37,550

--------

461,750
456,028
472,878
469,714
492,748
492,670
476,512

--------

5,491,172

AIRPORTS EXPERIENCING BIRD INGESTIONS DURING REPORTING PERIOD

*k
OAG DESTINATION-ARRIVAL CODES

...............................................................

70,533
71,139
74,190
74,233
67,670
75,326
75,889
79,106
78,199
81,903
81,915
82,407

912,510

Any Carrier.

(L (2) (3 (4)
106,978 1,397 0 436
105,585 936 0 409
112,612 1,160 21 447
114,171 1,266 51 422
104,265 1,122 48 361
116,536 1,102 44 400
115,078 1,056 60 400
118,677 1,166 105 468
118,057 1,307 42 454
123,270 1,290 118 473
122,813 1,230 134 467
115,762 1,229 108 430

1,373,804 14,261 731 5,167

Operation begins and ends out of the UC.

=1 Domestic Carrier. Operation begins and ends in the US.

=2 Domestic Carrier.

=3 Foreign Carrier. Operation begins and ends in the US.

=4 Foreign Carrier.

........

178,069
188,430
190,143
173,466
193,408
192,483
199,522
198,059
207,054
206,559
199,936

2,306,473

Departure or arrival, but not both, in the US.

Departure or arrival, but not both, in the US.




The FAA initially provided UDRI with a listing of reported aircraft operations by
month and engine type. The total number of aircraft operations for each engine
type was later deemed questionable. Monthly percentages were determined for each
engine type from the listing and subsequently applied to the JT8D and CFM56
engine totals in table 2.4 to estimate monthly aircraft operations for the
reporting perlod. Figure 2.1 is a histogram showing the estimated aircraft

operations for each engine type.

TABLE 2.4 SCHEDULED AIRCRAFT OPERATIONS BY ENGINE TYPE

GEOGRAHIC LOCATION JT8D CFM56 ALL ENGINES
United States 1,160,091 353,656 1,513,747
Foreign 1,057,633 174,206 1,231,839
Worldwide 2,217,724 527,862 2,745,586
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SECTION 3
CHARACTERISTICS OF INGESTED BIRDS

This section provides a description of the birds that were ingested during the
data collection period and an analysis of the extent of the bird ingestion
threat. The bird related features that are described in this section include
species, wveight, seasonal trends, time-of~day trends, and geographic location.

A detailed breakdown of aircraft ingestion events in the United States is
presented in figures 3.1 and 3.2, Figure 3.1 is a contour map of the contiguous
United States with the height of the contours being proportional to the number of
aircraft ingestion events in each state while figure 3.2 is a bar chart with the
same information plus Alaska and Hawaii. Texas and California have the greatest
number of ingestions followed by Florida, North Carolina, and New York.

Table 3.1 provides a tally of all the species that were positively identified by
an ornithologist during the collection period. The counts in the United States,
Foreign, and Overall columns of table 3.1 indicate the number of aircraft
ingestion events in which each bird species was ingested. The species are listed
by order and family; and it is apparent that gulls, doves and the lapwing/plover
family are the most commonly ingested birds with six ingestions each. Doves and
gulls were the most commonly ingested bird in the United States while the
lapwings appear to be mainly a foreign species.

One of the disappointing features of the B737 bird ingestion data base is the low
bird identification rate. The bird species was positively identified in only 28
out of 302 aircraft ingestion events that were recorded giving a 9.3 percent
identification rate. The identification rate for events in which the engine
sustained damage was slightly better (12.5 percent) than the identification rate
for events which caused no engine damage (5.2 percent); which could indicate that
the group of identified birds is biased to include more birds in the size and
weight ranges that tend to damage engines when ingested. Any conclusions about
the population of ingested birds should be viewed with the caution that the
sample might be more representative of the population of birds that damage
engines than of all birds that are ingested.

The species-related descriptions of ingested birds in this veport probably
provide a conservative view in that the birds that caused damage are better
represented in the sample than birds that did not cause damage. The bird
features that influence damage cannot be discerned, however, because of the
possible bias in the identifications. That is, the differences between the birds
that cause damage and the birds that don't cause damage cannot be readily
identified since there is less information about the birds that didn't cause
damage.

Table 3.2 is a frequency table of weights for the positively identified birds.
The numbers in table 3.2 represent the total number of ingested birds. It should
be noted that 2 was used as the number of birds when the exact number of
positively identified ingested birds is unknown for a multiple bird ingestion
event. The bird weights are derived from the species identification and when
possible are adjusted for the age and sex of the ingested bird. The modes in
table 3.2 therefore represent the weights of the more commonly identified bird
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HISTOGRAM OF BIRD INGESTION BY STATE
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TABLE 3.2 WEIGHT DISTRIBUTION OF INGESTED BIRDS

WEIGHT RANGE (0z) U.S. FOREIGN WORLDWIDE
( 0<x <= 4) 8 3 11
( 4<x <= 8) 3 2 5
( 8<cx <= 12) 0 3 3
(12 ¢ x <= 16) 7 3 10
(16 <x <= 20) 1 0 1
(36< x <= 40) 3 1 4
(52< x <= 56) 2 0 2
(126 < x < = 128) 1 0 1

TOTAL 25 12 37
12
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species that were ingested. Figure 3.3 provides the same information in the form
of a histogram. Most of the ingested birds that were identified in this study
weighed less than 16 ounces; however 21.6 percent of the identified birds weighed
more than 1 pound.

Summary statistics calculated from the raw data for the United States, foreign
and worldwide bird weight distributions are presented in table 3.3. The mean,
median and mode are three different concepts for the typical or average value
wvhich measures the central tendency of the distribution. The median and mode

are more relevant measures of the average for the bird ingestion problem. The
mean weight would be important if damage were related to the cumulative weight of
all birds ingested by a single engine since the mean is based on the total weight
of the ingested birds.

A pattern suggestive of a sine function is seen in figure 3.4 which is a bar
chart of monthly bird ingestions for the data collection period. A cyclic
pattern in aircraft ingestion events is expected since bird activity is seasonal;
however, a second year of data is required to show that the periodic property in
the pattern of monthly ingestion events repeats. The start of a cyclic pattern
is also seen in the ingestion rate data which indicate that the trends are due to
the changing bird population and not changes in air traffic activity. Time
trends in bird ingestions are further investigated on a seasonal basis in the
following paragraphs.

The seasonal bird ingestion rates for the northerm and southern hemispheres, the
United States and foreign countries, and the whole world are presented in the bar
chart of figure 3.5. Here the ingestion rates are not being compared by engine
type so the ingestion rate R is simply calculated as:

. 10000
R = Ing Ops : 3.1

where Ing is the number of ingestions and Ops is the number of aircraft
operations in the time period being considered. The rate is expressed as
ingestions per 10,000 aircraft operatioms.

Seasonal trends were investigated using a Chi-squared goodness-of-fit (GOF)
analysis. The Chi-squared value for testing the hypothesis "that the number of
aircraft ingestion events does not vary with the seasons" is 22.22. The
critical value for testing at the five percent level of significance is 7.81
wvhile the 0.5 percent level is 12.8; therefore, the high value of the test
statistic is a strong indication that ingestions do vary with the seasons.

The winter data were eliminated in an effort to better identify the nature of the
differences between the seasons. Testing for the equality of the ingestions for
spring, susmer, and autumn also yields a significant difference with a test
statistic of 6.05 and a five percent critical value of 5.99. After eliminating
the data from the next lower season, there is no detectable difference between
summer and autumn so that the data indicate that there are the fewest ingestions
in the winter, followed by an increase in ingestions in the spring, with the
maximum number of ingestions occurring during the summer and carrying through

the autusn.

13




TABLE 3.3

STATISTIC

MODE (S)
MEDIAN
MEAN

SUMMARY STATISTICS

STANDARD DEVIATION

20.00

16.00

12.00

8.00

Number of Birds Ingested

4.00

0.00

(0z.)
14

14

FOR INGESTED BIRD WEIGHTS

(0z.)

11.1

10.3

WORLDWIDE

BOEING-737 BIRD INGESTION STUDY
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Figure 3.3 Historgram of Number of Birds Ingested by Bird Weight
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DISTRIBUTION OF WORLDWIDE AIRCRAFT INGESTION EVENTS
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Figure 3.4 Bar Chart of Worldwide Aircraft Ingestion Events
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The time-of-day distribution of bird ingestion events is illustrated in figure
3.6 with time of day reduced to the four basic segments of morning, mid-day,
evening, and night. There is a noticeable drop in the number of ingestions at
night and the Chi-squared test for equality of the four time periods indicates
that they are not the same. The Chi-squared test statistic is 12.1 while the
99th percentile of the Chi-squared with three degrees of freedom distribution is
11.34.,

There are two likely reasons for a drop in ingestions during the night. Birds
are not generally nocturnal so that bird activity is reduced at night. Also,

there are fewer flights scheduled at night. A lessened exposure due to fewer

flights and fewer birds results in a reduction in the number of ingestions at

night. :

BOEING-737 BIRD INGESTION STUDY

HISTOGRAM OF BIRD INGESTIONS BY TIME OF DAY
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Figure 3.6 Histogram of Af{rcraft Ingestion Events by Time of Day
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SECTION 4
INGESTION RATES

This section describes the rates at which bird ingestions occurred during the 1-
yezr collection period covered in this report. The Poisson distribution is
commonly used to describe how events are randomly scattered in time, and the bird
ingestion data are shown to agree with the assumptions of a Poisson process.

The first part of this section provides the estimates of the basic ingestion
rates. The second part describes the Poisson distribution and how it relates to
the bird ingestion events. The final parts discuss statistical analyses based on
the assumption that bird ingestions follow a Poisson process.

4.1 INGESTION RATE ESTIMATES.

This section provides a general description of ingestion rates broken down by
location, engine, and phase of flight. The rates are given in terms of
ingestions per 10,000 aircraft operations and have been adjusted to the inlet
area of the engine to allow size independent comparisons between engines. The
inlet area used throughout this report is called the "fat lip area" and was
specified by the Boeing Co. for each type of engine installation. A more
detailed statistical analysis of ingestion rates is covered in the next section
using statistical techniques for Poisson processes.

Table 4.1A lists the United States, foreign and worldwide ingestion rates for
both the JT8D and the CFM56 engines as well as a composite rate for all 737
aircraft. The inlet area adjustment was done using a l10-square-foot unit area on
the basis of the total inlet area of both engines to keep the rates in a
reasonable range. The composite rates in each geographical region are weighted
means of the inlet area adjusted rates for the individual engines and are
determined as follows. The number of ingestions per 10-gquare-foot inlet area
for each engine is projected by multiplying the rates by the number of aircraft
operations. The composite rates are calculated by dividing the total projected
ingestions for both engines by the total aircraft operations for the geographical
region. Table 4.1B lists engine ingestion rates based on engine operations and
normalized for the engine inlet area.

The ingestion rates for the CFM56 engine were calculated using reported aircraft
operations for specific geographical regions. The ingestion rates for the JT8D
engine were calculated using estimated aircraft operations for specific

geographical regions. The details of the calculation were presented in Section

Figure 4.1 shows monthly ingestion rates subdivided by engine type and adjusted
for inlet area so that a comparison between engine types can be made. The
adjusted monthly ingestion rate (Ry4q4) for an engine type is expressed as
ingestions per 10 fty per 10,000 aircraft operations is calculated as:

. 1440 , 1000

vhere Ing is the number of monthly aircraft ingestion events for an engine type,
IA is the inlet area (in2) of the engine type, and Ops 1is the nucber of aircraft

18
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TABLE 4.1A BREAKDOWN OF BIRD INGESTION RATES BY ENGINE AND LOCATION

(BASED ON AIRCRAFT OPERATIONS)

ENGINE TYPE:
INLET AREA:*

UNITED STATES
Aircraft Ingestion Events
OAG Aircraft Operations
Ingestion Rate
(Ing/10K Ops)

Normalized Ingestion Rate
(Ing/10K Ops/10ft2)

FOREIGN
Aircraft Ingestion Events
OAG Aircraft Operations
Ingestion Rate
(Ing/10K Ops)

Normalizes Ingestion Rate
(Ing/10K Ops/10ft2)

WORLDWIDE
Aircraft Ingestion Events
OAG Aircraft Operatioms
Ingestion Rate
(Ing/10K Ops)

Normalizes Ingestion Rate
(Ing/10K Ops/10ft2)

*Total Area for 2 Engines

JT8D

2234 4in2

40
1,160,091
0.34

0.22

173
1,057,633
1.64

1.05

213
2,217,724
0.96

0.62

19

CFM56

4606 1in?

40
353,656
1.13

0.35

48
174,206
2.7€

0.86

88
527,862
1.67

0.52

ALL ENGINES

N/A

81
1,513,747
0.54

0.25

221
1,231,839
1.79

1.03

302
2,745,586
1.10

0.60
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TABLE 4.1B BREARDOWN OF BIRD INGESTION RATES BY ENGINE

(BASED ON ENGINE OPERATIONS)

ENGINE TYPE:
INLET AREA:*

UNITED STATES
Engine Ingestion Events
OAG Engine Operstions**
Ingestion Rate
(Ing/10K Ops)

Normalized Ingestion Rate
(Ing/10K Ops/10ft2)

FOREIGN
Engine Ingestion Events
OAG Eangine Operations**
Ingestion Rate
(Ing/10K Ops)

Normalizes Ingestion Rate
(Ing/10K Ops/10ft2)

WORLDWIDE
Engine Ingestion Events
OAG Engine Operations**
Ingestion Rate
(Ing/10K Ops)

Normalizes Ingestion Rate
(Ing/10K Ops/10£t2)

*Area for 1 Engine

JT8D

1117 “{n?

43
2,320,182
0.19

0.24

175
2,115,266
0.83

1.07

218
4,435,448
0.49

0.63

CMM56

2303 1n?

43
707,312
0.61

0.38

52
348,412
1.49

0.93

95
1,055,724
- 0.90

0.56

hh Engine Operations = 2 x Aircraft Operations

20

AND LOCATION
ALL ENGINES
N/A

87
3,027,494
0.29

0.28

227
2,463,678
0.92

1.05

314
5,491,174
0.57

0.62




AIRCRAFT INGESTION EVENTS

BOEING-737 BIRD INGESTION STUDY

MONTHLY AIRCRAFT INCESTION RATES OF B-737 ENGINES
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operations for the month. Twice the engine area is used because there are two
engines on each B737 aircraft. The constant 1440 is the factor for converting
square inches to units of 10 square feet areas,

The phase of flight ingestion rate breakdown is presented in table 4.2A. The
method used to calculate ingestion rate 1 is expressed in equation 3.1. The

area adjustment used for ingestion rate 2 is implemented using equation 4.1, The
highest ingestion rates were in the takeoff and landing phases followed by the
climb and approach phases. There were very few ingestions during the taxi and
cruise phases of flight and none were reported during descent. This pattern is
typically seen in bird strike and bird ingestion studies and is indicative of the
fact that airports are often located in desirable bird environs. Since birds
congregate around airports there is a greater chance of striking or ingesting a
bird during the phages of flight that take place close to the airports. Also,
commercial airline cruise routes are well above the altitude in which birds are
usually found. Table 4.2B 1ist engine ingestion rates as a function of phase of
flight. The differences in injestion rates between table 4.2A and 4.2B are due
to multiple engine ingestions.

4.2 THE POISSON PROCESS.

The Poisson process is the simplest type of stochastic process which describes
how events are distributed in time. The Poisson process is here taken to govern
ingestion events, and the times at which these events occur are random. In a
Poisson process the events are distributed somewhat evenly in time so that it
appears the times at vhich the events occurred form a uniform distribution. This
section describes some of the properties of Poisson processes that will be useful
in describing bird ingestions and in testing hypotheses about bird ingestion
rates.

The basis of a Poisson process is a description of the probability distribution
of the number of events that occur in a given time interval, The formula for the
probability of n events in an interval of length T is:

,-AT(AQn
P(X(T)=n) = n! 4.2

The parameter A is the mean rate at which events occur and the mean number of
events in the length T time interval is AT. The time scale that will be used in
this study is number of aircraft operations. Ingestion rates are typically
reported in events per 10,000 aircraft operations which implies the use of
aircraft operations as the time scale in a Poisson process.

One derivation of the formula for the Poisson distribution is the limiting
distribution of the binomial distribution for large sample sizes. If we assume
that the probability of a bird ingestion is the same from flight to flight, then
the number of ingestions in a large number of flights has a binomial
distribution. If the probability of ingestion is p and the number of flights is
N then the probability that n ingestions occur in the N flights is:

N
P(X(N)en) = — p®(l-p) (N-n) 4.3
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The binomial probabilities in equation 4.3 can be approximated by a Poisson
distribution with mean Np for large values of N. That is, the single flight
probability of an ingestion, p, replaces A in equation 4.2,

An important question that can be investigated through the Poisson process model
of bird ingestions is the influence of inlet area on the ingestion rates. Past
studies (2,3) in bird strikes have used the assumption that the probability of a
bird strike is proportional to the cross sectional area of the aircraft.
Applying the same concept to engines implies that the bird ingestion rate should
be proportional to the inlet ares of the engine.

The inlet area effect can be incorporated into the Poisson process model b&
letting the parameter represent the ingestion rate per unit area. The
probability of n ingestions in N operations for an engine with inlet area A is:

a=AAN (\AN)R
P(X(N)=n) = n! 4.4

4.3 VALIDITY OF THE POISSON PROCESS MODEL FOR BIRD INGESTIONS.

The applicability of the Poisson process model can be tested by analyzing the
times between ingestions. The interarrival times in a Poisson process are
random variables that have independent exponmential distributions and the mean
time between arrivals is the reciprocal of the ingestion rate. The validity of
the Poisson process model can be tested by applying a goodness-of-fit (GOF) test
for the exponential distribution to the times between ingestions.

The times between ingestions are measured by the number of days between aircraft
ingestion events. Rormally the number of aircraft operations between aircraft
ingestion events would be used; however it is impossible to measure this
directly. The number of days between aircraft ingestion events provides a
suitable measure of the time between ingestions since the number of aircraft
operations has little day-to-day variability.

The GOF test for the exponential distribution is a modified Kolmogorov-Smirnov
(K-S) test comparing the observed cumulative distribution function (CDF) to the
predicted exponential CDF based on the sample mean. The K-S test uses the test
statistic D defined as the maximum distance between the observed and predicted
cumulative distribution functions. A modification to the critical values for the
test statistic is required vhen the predicted CDF is derived from the mean of the
sample. The critical values for the modified K-S test were computed by Liliefors
(4). The critical value for a .05 level of significance when the sample size, n,
is larger than 30 can be approximated by 1.06//n. .

The modified K-S test was run on four subgroups of the data broken down by
engine and location. The four groups were (1) domestic (United States) JT8D, (2)
foreign JT8D, (3) domestic CMS56, and (4) foreign CPMS56. Figures 4.2 to 4.5
compare the observed and predicted cumulative distributions for each of the four
groups, respectively. In each case there 1s a very close visual agreement
between the observed and predicted CDF's.
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The visual similarities are verified by the statistical tests which are
sumarized in table 4.3. The mean time between ingestion events is given in
column one, the sample size is in colummn two, the critical value for a five
percent significance level (D*) is in column three, and the test statistic (D)

is in column four. The assumption that the times between ingestion events come
from an exponential distribution cannot be rejected at the five percent level in
any of the four groups. The use of a Poisson process to model bird ingestions is
appropriate based on these test results.

TABLE 4.3 RESULTS OF THE EXPONENTENTIAL GOF TESTS TO
VERIFY THE POISSON PROCESS

. SAMPLE
AREA ENGINE MEAN _SIZE _Dn* D
United States JT8D 9.14 40 0.17 0.06
Cwntiguous us JT8D 12.17 30 0.19 0.09
Foreign JT8D 2.22 173 0.08 0.10
United States CFMS56 9.00 40 0.17 0.08
Contiguous US CFMS56 9.00 40 0.17 0.08
Foreign CFMS6 7.64 48 0.15 0.07
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4.4 INLET AREA EFFECT ON INGESTION RATES.

One property of the Poisson process model described in Section 4.2 is that
ingestion rates should be proportional to the inlet area of the engine. The size
effect can be investigated in the B737 bird ingestion data by comparing the
number of ingestion events of the JT8D with the number of ingestion events of
the CFM56. According to equation 4.4 the total number on ingestion events during
the reporting period for a given engine has a Poisson distribution with a mean
that is proportional to the number of aircraft operations in the year and to the
inlet area of the engine. The number of JT8D ingestion events out of the total
number of ingestion events will have a Binomial distribution if the Poisson
process model is valid.

The proportion of total ingestion events that occurred in JT8D engines
should be: :
OJ*AJ
P = OJ®AJ=OC*AC , 4.5

where OJ and OC are the numbers of worldwide aircraft operations for and AJ and
AC are the inlet areas of the JT8D and CFM56 engines, respectively. The
relevant values for Equation 4.5 can be obtained from table 4.1 giving an
expected proportion of JT8D ingestion events of P = 0.67. Out of 301 total
ingestion events, there were 213 JT8D ingestion events so the observed .
proportion of JT8D ingestion events ig 0.71. The test statistic to compare the
observed proportion to the predicted is the standard Z statistic for the
binomial distribution given by:

zZ=(®-P) /[F* (I-p) /™), 4.6

where P is the observed proportion of JT8D engines and N is the total number of
aircraft ingestion events.

The Z statistic defined in equation 4.6 is used to test the null hypothesis that
there is no difference between the two types of engines in ingestion rates after
adjusting for area. The test statistic is computed by substituting the value
0.67 for P and 0.71 for P in equation 4.6 to give a value of 1.36. The Z value
of 1.36 1s not significant at the 5 percent level of significance so there is no
detectable difference in ingestion rates between the JT8D and the CFM56 after
adjustment for the inlet area.

A second school of thought suggests that the relationship between engine size and
ingestion rate is described better as a linear function of diameter than as a
linear function of area. A similar Z test can be computed by substituting
dismeter for area in equation 4.5. The expected proportion of JT8D ingestion
events after an adjustment for diameter is P = 0.74 and the test statistic is Z =
=-1.50. The null hypothesis is that there is no difference in ingestion rates
after adjusting for diameter and the conclusion of the test is that there is no
detectable difference at the 5 percent level of significance. There are
insufficient data to determine whether area or diameter is the better measure of
engine size to account for differences in ingestion rates.
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SECTION 5
AIRPORT BIRD INGESTION EXPERIENCE

The objective of the statistics of this section is to identify the frequency and
location of bird ingestion events at airports worldwide. An aircraft ingestion
event is the simultaneous ingestion of one or more birds by one or more engines
of an aircraft. Most of the bird ingestion data were provided by the engine
manufacturer. Airport ingestion rates are expressed in terms of aircraft
ingestion events per 10,000 airport operations.

The OAG tapes indicate that there are 1,032 airports worldwide for which
5,491,172 B737 airport operations were scheduled during the reporting period.
Appendix A lists the airport code, airport location, and the number of scheduled
airport operations at these airports. Bird ingestion events were reported at
only 137 of these airports. The 0OAG tapes show that there were 2,306,473
scheduled airport operations at these 137 airports. There were also bird
ingestion events reported by unscheduled B737 flights at five additional
airports. These five airports (Gualequaychu, China, Kosti, Sudan, Milan, Italy,
Surat, India, and Jerez Dela Frontera, Spain) are included in appendix A but
there are no 0AG operations counts for them.

A complete summary of the airports having reported aircraft ingestion
events 1s presented in table 5.1 as a frequency count of worldwide bird ingestion
events by phase of flight. The majority of aircraft ingestion events occur
during takeoff or landing. This table suggests that the threat of bird
ingestion is posed primarily from birds which live near the airport and/or whose
migratory path crosses over or near the airport property.

Figure 5.1 is a bar chart showing reported aircraft ingestion events at domestic
airports during the reporting period. There are 44 domestic airports at which
bird ingestion events have been reported. The largest number of bird ingestion
events reported in the United States during the period was 4 at Dallas, Love
(DAL). Of the 80 bird ingestion events reported in the United States, 14 events
occurred at an unknown location and they are assigned to the airport code XUS on
the bar chart.

Figure 5.2 is a bar chart showing reported aircraft ingestion events at foreign
airports during the reporting period. There are 98 foreign airports at which
bird ingestions have beaen reported. The largest number of aircraft ingestion
events reported abroad during the period is eight at Frankfort, Germany (FRA).
Of the 221 aircraft ingestion events reported outside of the United States, 67
events occurred at an unknown location and they are assigned to the airport code
XFO on the bar chart.

Table 5.2 lists all airports worldwide which experienced three or more aircraft
ingestion events during the reporting period. The table also includes the number
of ingestion events, the number of OAG airport operations, and the rate of
aircraft ingestion events per 10,000 airport operations. The airports are listed
in descending order of airport operations.
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